Long-form leptin receptor (OB-R L ) is a signal-transducing member of the cytokine receptor superfamily that is essential for mediating the effects of leptin on mammalian body weight homeostasis. At present, the range of transcriptional targets responsive to OB-R L activation, and consequently, the likely mediators of leptin action, remain undefined. In this report, we have used cDNA subtractive hybridization to identify transcripts induced by leptin in immortalized hypothalamic neurons expressing OB-R L . Differential expression of the identified transcripts in these cells was confirmed by both array technology and Northern blotting. In situ hybridization studies indicate that these transcripts are expressed in the mouse central nervous system, including nuclei of the hypothalamus that coexpress OB-R L . Comparative in situ analysis of slices of hypothalami generated from control and leptin-injected ob/ob mice demonstrates that a subset of the identified transcripts is induced in vivo after leptin injection. The potential role of the proteins encoded by these transcripts in mediating the effects of leptin on body weight and energy homeostasis are discussed. Diabetes
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OB-R is a member of the class I cytokine receptor superfamily (6, 11, 12) . In mammals, 2 predominant OB-R isoforms have been described: short-form (OB-R S ) found to be ubiquitously expressed, and long-form (OB-R L ), which exhibits a more restricted expression pattern that includes nuclei of the hypothalamus important for body weight regulation (6, (13) (14) (15) . Each isoform has an identical extracellular and transmembrane domain, but the short and long forms diverge because of differences in the length of their intracellular tails (6) . The predominant isoform, OB-R S , has a 34 amino acid intracellular domain. Accumulating evidence suggests that this isoform may be involved with either leptin transport or clearance; however, the precise function of this molecule remains enigmatic (16) (17) (18) . In contrast, OB-R L has an ~300 amino acid intracellular domain. This molecule has been shown to be a signaling receptor, which can recruit components of the Janus kinase-signal transducer and activator of transcription (JAK-STAT) apparatus after ligand-induced receptor activation. Specifically, signal transduction by OB-R L is mediated by interaction with JAK2 and the downstream activation of several members of the STAT family of transcription factors (13, (19) (20) (21) . Vaisse et al. (22) have reported that activated STAT3 can be detected in hypothalamic extracts from leptin-injected mice, suggesting that this transcription factor is an important mediator of leptin signaling in vivo. The crucial role of OB-R L signaling in leptin action has been revealed through studies of the db mutation (original allele) of the OB-R gene. This mutation specifically prevents expression of the correct OB-R L transcript, clearly indicating that OB-R L signaling and subsequent transcriptional regulatory activities are essential for leptin's effects on body weight homeostasis (7, 8) . Consequently, there is great interest in the identification of transcripts regulated by leptin in vivo that can mediate the effects of leptin on body weight regulation.
The hypothalamus is an important regulator of food intake and body weight in mammals (23) (24) (25) . High-level expression of OB-R L in the hypothalamus is consistent with both a role for this isoform in regulating ingestive behavior and with the observation that intracerebroventricular administration of leptin can induce its complete spectrum of physiological and behavioral changes. OB-R L expression in the hypothalamus is detected in discrete nuclei of the hypthalamus, including the following: arcuate (ARC), ventromedial (VMN), dorsalmedial (DMN), and paraventricular (PVN) (14, 15) . These nuclei represent distinct neuronal subtypes, implying that there may be multiple targets for leptin's action in vivo. Leptininduced transcripts identified by a candidate approach are the immediate early genes fos and tis-11 (26, 27) , the transcript for proopiomelanocortin (28) (29) (30) , and more recently the cocaine-and amphetamine-regulated transcript (CART) (31) . Additionally, leptin treatment can reduce both melanin concentrating hormone (MCH), neuropeptide Y (NPY), and agouti-related protein (AGRP) transcript levels in the hypo-thalamus of ob/ob mice (32) (33) (34) . Thus, there is clear experimental evidence demonstrating that leptin signaling can alter the transcriptional regulation of molecules regulating food intake and body weight. However, a de novo approach for the identification of additional transcripts regulated by leptin in the hypothalamus has not been reported.
In this study, we have used immortalized hypothalamic neurons expressing OB-R L as a surrogate gene discovery system to identify transcripts responsive to OB-R L activation. cDNA libraries have been generated from leptin-stimulated cells, and induced transcripts have been identified by subtractive hybridization. Differential expression of these genes was confirmed by both array analysis and Northern blotting studies. Importantly, a subset of these transcripts was found to be induced in the ARC of the hypothalamus of ob/ob mice after a peripheral injection of leptin. The potential role of the encoded proteins in mediating the effects of leptin on body weight homeostasis is discussed.
Real-time quantitative polymerase chain reaction. Real-time quantitativepolymerase chain reaction (PCR) was performed using an ABI PRISM 7700 Sequence Detection System instrument and software (PE Applied Biosystems), and all data analysis was performed as recommended by the manufacturer. Amplification reactions were performed with a commercially available primer/probe set for murine glyceraldehyde-3-phosphate dehydrogenase (PE Systems, part #4308313) and the following primer/probe set for murine c-fos: (primer 1: 5Ј-GACTTCTTGTTTCCGG CATCA; primer 2: 5Ј-AGGTCCAC ATCT GGCACAGAG; probe: 5Ј-CTAGGCC CAGTGGCTCAGAGACCTCC). RNA isolation and the generation of subtractive cDNA libraries. For each 10-cM plate of infected GT1-7 cells harvested, 600 µl lysis buffer (containing ␤-mercaptoethanol) was added to the harvested cell pellet, the DNA was sheared by 10 passages through a 21-guage needle, and total RNA was isolated using a kit as recommended by the manufacturer (Qiagen). Complimentary DNAs were synthesized from 1 µg total RNA using the SMART PCR cDNA synthesis kit and subtractive hybridization was performed with a PCRselect cDNA subtraction kit (Clontech). To select leptin-induced transcripts, cDNAs derived from leptin-treated cells (tester pool) and cDNAs from mocktreated cells (the reference or driver pool) were digested with the restriction enzyme RsrI (New England Biolabs) and PCR adaptors were then ligated to the tester pool population. The tester cDNA pool was then hybridized with excess cDNAs (~30-fold) from the mock-treated cells (driver pool). After hybridization, differentially expressed transcripts were selectively amplified by suppression PCR using primers specific for the tester PCR adaptors. For comparative analysis, a control reverse subtraction was also performed using as a tester the cDNA population from mock-treated cells and as a driver pooled cDNA from leptin-treated cells. Amplified cDNA sequences were then ligated into the T/A cloning vector pT-Adv (Clontech). cDNA array generation and screening. Differential screening of the leptininduced transcript library was performed as follows: Individual colonies were grown overnight at 37°C in 500 µl Luria broth medium containing 50 µg/ml ampicillin. The next morning, 2 µl of the culture was transferred to individual wells of a 96-well PCR plate containing 98 µl PCR master mix (10 µl 10 ϫ PCR buffer, 2 µl 10 µmol/l pT-Adv nested primers 1 and 2, 1 µl of 20 mmol/l dNTPs, 82 µl sterile H 2 O, and 1 µl TAQ DNA polymerase [Perkin-Elmer]). PCR amplification was performed using the GeneAmp PCR System 9600 (Perkin-Elmer) as follows: 2 min at 94°C followed by 35 cycles consisting of 40 s at 95°C and 3 min at 68°C. PCR amplification products were analyzed by electrophoresis on a 1% agarose gel and ~80% of the clones were found to contain inserts, average insert size was 400-600 bp. To prepare nylon arrays of the PCR-positive clones, free primers were removed from the PCR reactions by filtration and the samples were concentrated to ~50 ng/µl. Samples were then gridded on nylon filters (0.25 µl/spot) and each clone was spotted in duplicate using a 4 ϫ 4 grid map. Membranes were denatured by soaking for 10 min in a solution of 0.5 mol/l NaOH, 1.5 mol/l NaCl, and neutralized by successive 5-min washes in 0.5 mol/l Tris-HCL (pH 8.0), 1.5 mol/l NaCl, and in 2ϫ sodium chloride-sodium citrate (SSC) buffer. Membranes were UV cross-linked using equipment as recommended by the manufacturer (Stratagene). Two subtracted cDNA hybridization probes were prepared corresponding to subtracted and reversesubtracted pooled cDNA libraries from the leptin-induced transcripts. To prevent cross-hybridization, adaptors were removed from the cDNA population by restriction digest, and the digested samples were electrophoresed on a 2% Nusieve low-melting agarose gel (FMC) until the cDNA samples were well resolved from the free adaptors. Gel slices containing the cDNA sample were excised from the gel and the DNA was purified (Qiagen). The samples (500 ng) of the purified pooled cDNA was psoralen-biotin labeled using the BrightStar Psoralen-Biotin labeling kit (Ambion). Labeled probes were hybridized to the filters in Rapid-Hyb buffer (Amersham) as recommended, and hybridization was detected by use of a nonisotopic chemilumenescence detection kit (Ambion). Virtual Northern analysis. Virtual Northern analysis was performed with presubtracted SMART PCR-amplified tester and driver cDNA pools that had been used for generating the subtractive libraries. 500 ng of the pooled cDNA populations (either tester [leptin-treated] or driver [mock-treated]) were electrophoresed on a 1.2% agarose gel. The gel was denatured, neutralized, and the DNA was transferred to a nylon membrane and ultraviolet cross-linked, as described above. Probes for each clone were generated by PCR amplification using vector-specific primers. Probes were nonisotopically labeled using the BrightStar Psoralen-Biotin kit (Ambion). Labeled probes were hybridized to filters in Rapid-Hyb buffer (Amersham) and hybridization was detected by nonisotopic chemilumenescence (Ambion). Study animals and leptin injections. Male C57BL/6J ob/ob mice (8 weeks old) were individually housed and maintained under a 12-h light/12-h dark cycle at constant temperature. Food (Purina Mouse Chow) and water were provided ad libitum. Vehicle (PBS) or 100 µg leptin in PBS (R&D Sytems) were delivered by intraperitoneal injection (100 µl total volume) and at the specified postinjection time points, animals were killed by CO 2 asphyxiation and cervical dislocation. Histology. Mouse brains were harvested and frozen with powdered dry ice. Cryostat coronal sections were cut at 10-µm thickness through the hypothalamus region, mounted on superfrost plus slides (VWR), and stored at -80°C. Sections were air dried for 20 min and then incubated with ice-cold 4% paraformaldehyde /1ϫ PBS for 10 min. Slides were then washed twice with 1ϫ PBS for 5 min each, incubated with 0.25% acetic anhydride/1 mol/l triethanolamine for 10 min, washed with PBS for 5 min, and dehydrated stepwise with 70, 80, 95, and 100% ethanol for 1 min. Sections were incubated with chloroform for 5 min, rehydrated with 100 and 95% ethanol, and then air dried. Hybridizations were performed with 35 S-radiolabeled (5 ϫ 10 7 cpm/ml) cRNA probes in the presence of 50% formamide, 10% dextran sulfate, 1ϫ Denhardt's solution, 600 mmol/l NaCl, 10 mmol/l dithiothreitol, 0.25% SDS, and 100 µg/ml tRNA for 18 h at 55°C. After hybridization, slides were washed with 10 mmol/l Tris-HCl (pH 7.6), 500 mmol/l NaCl, and 1 mmol/l EDTA (TNE) for 10 min, incubated in 40 µg/ml RNase A in TNE at 37°C for 30 min, washed in TNE for 10 min, incubated once in 2ϫ SSC at 60°for 1 h, once in 0.2ϫ SSC at 60°for 1 h, 0.2ϫ SSC at 65°for 1 h, and dehydrated with 50, 70, 80, 95, and 100% ethanol. Localization of mRNA transcripts was detected by dipping slides in Kodak NBT-2 photoemulsion and exposing for 14 days at 4°C, followed by development with Kodak Dektol developer. Slides were counterstained with hemotoxylin and eosin and photographed. Controls for the in situ hybridization experiments included the use of a sense probe that showed no signal above background levels. For each animal, 4-6 full coronal sections were used from the region of the hypothalamus that includes the ARC and VMN nuclei. All brain slices were concurrently prepared for hybridization and autoradiographed on film for 14 days. Film autoradiographs were digitalized, and hybridization signals were determined by densitometry using the Ultimage/Pro image analysis software (Graftek).
RESULTS
Initial attempts to identify leptin-regulated transcripts directly from mouse hypothalamus using standard differential cloning strategies proved unproductive in our laboratory. We believe our lack of success was in part due to the complexity of neuronal cell types residing in the hypothalamus as well as the limited number of neurons responsive to leptin in vivo. Therefore, we altered our approach and developed an in vitro differential expression cloning strategy to identify candidate leptin-regulated genes that could then be further validated using in vivo methods. GT1-7 neurons are a clonal differentiated GnRH neurosecretory cell line derived from an SV40 T-antigen-expressing tumor of the mouse hypothalamus (35) . GT1-7 cells do not express OB-R L and are unresponsive to leptin stimulation (36) . However, introduction of the cDNA encoding OB-R L into GT1-7 neurons has shown that these cells express the appropriate signal transduction apparatus to support ligandinduced OB-R L transcriptional regulation (36) . Infection of GT1-7 cells in culture with an adenovirus expressing a cDNA encoding ␤-galactosidase (titer of ~10 10 pfu/ml) results iñ 90% of the cells in culture exhibiting robust ␤-galactoside activity compared with mock-infected controls (Fig. 1A) . Therefore, we generated adenovirus-expressing mouse OB-R L (~10 10 pfu/ml) and infected GT1-7 cells to generate a pool of GT1-7 cells expressing high levels of OB-R L . To confirm that our adeno-OB-R L virus could direct high-level cellsurface expression of OB-R L , cells infected with adeno-OB-R L were analyzed for their surface leptin binding activity using an AP-OB fusion protein. As shown in Fig. 1B , adeno-OB-R L -infected cells exhibit a dramatic increase in AP-OB-binding relative to mock-infected cells. We also wanted to demonstrate that our adenovirus-expressed OB-R L was capable of gene regulatory events. As previously described, leptin regulates expression of the immediate early gene c-fos (26) . Consequently, we wanted to determine whether leptin regulates c-fos expression in the adeno-OB-R L -infected GT1-7 cells. Cultures of the infected cells were mock treated or stimulated for 1 h with leptin, and total RNA was harvested and subjected to real-time quantitative PCR. As shown in Fig. 1C , we could measure dramatic leptin-induced expression of the c-fos gene in these cells. Thus, we had evidence for both high-level cell-surface OB-R L expression and leptin-regulated transcriptional activity in the adeno-OB-R L -infected GT1-7 cells. Therefore, we used this cell culture model as an experimental assay system to identify additional transcripts regulated by leptin-induced OB-R L signaling. For these experiments, cultures of GT1-7 adeno-OB-R L -infected cells were either mock stimulated or treated for 3 h with leptin. The cells were harvested and total RNA was prepared. The mRNA complement of the total RNA pool was then converted to cDNA by reverse transcription and subjected to subtractive hybridization using conditions to enhance the identification of transcripts upregulated in response to leptin stimulation. A subset of clones (800) in the subtractive library were randomly chosen and their inserts were amplified by PCR. The PCR products were gridded on nylon filters and then probed using pooled postsubtracted cDNA generated from either the mock-or leptin-stimulated adeno-OB-R L -infected GT1-7 cells. We found that ~15% of the gridded clones from the subtractive library were upregulated in the sample prepared from the leptin-stimulated GT1-7 cells (Fig. 2) . Further inspection of the sequence data for the upregulated clone set was then performed to identify and exclude redundant clones. From this analysis, we were able to identify a total of 18 known genes, 32 expressed sequence tags, and 3 clones that contained no match in the public database. In the present study, 4 of the known genes were selected for more detailed validation studies and designated leptin-induced genes (LIG) 1-4 (Table 1) . Included among these are 2 putative GTP-binding proteins LRG-47 (37) and TGTP (38) (LIG 1 and LIG 2, respectively), the 20s proteosome subunit RC10-II (39) (LIG 3), and a retinoic acid-inducible transcription factor (40) (LIG 4).
To confirm regulation of the 4 LIG transcripts in the GT1-7 cells, mRNA levels were quantitated in the presubtracted RNA populations. For these experiments, the pooled presubtracted cDNA generated from either the mock-or leptinstimulated adeno-OB-R L -infected GT1-7 cells was subjected to subsaturating amplification by PCR, resolved by agarose gel electrophoresis, and transferred to a nylon filter. The prepared filters were then probed with labeled PCR product generated from the LIG clones that had been identified in the subtractive library. As shown in Fig. 3 , we could detect strong leptin induction of each of the LIG clones, thus confirming their identification as differentially expressed leptin-induced transcripts in adeno-OB-R L -infected GT1-7 cells.
As previously discussed, GT1-7 cells are derived from the murine hypothalamus. Therefore, experiments were performed to determine if the LIG transcripts could be detected in the adult murine hypothalamus. For these experiments, in situ analysis was performed on coronal slices of whole mouse brain using antisense probes specific for each of the LIG transcripts. We found that the expression pattern for LIG 2 is restricted to the choroid plexus. In contrast, the transcripts for LIG 1, LIG 3, and LIG 4 exhibit a much broader expression pattern that includes the ARC nucleus of the hypothalamus, as well as various other brain regions ( Table 2 ). Central expression of OB-R L is localized to a discreet subset of hypothalamic nuclei important for mammalian body weight homeostasis. These regions include the ARC, VMN, DMN, and PVN (14, 15) . Multiple studies have shown that leptin-induced OB-R L activation in vivo will induce expression of the transcripts encoding c-fos, TIS-11, and CART in the ARC of the hypothalamus (26, 27, 31) . As outlined in the proceeding section, LIG 1, LIG 3, and LIG 4 are expressed in the ARC. Therefore, we wanted to determine if expression of these transcripts could be modulated by leptin in vivo. C57BL6 ob/ob mice were injected intraperitoneally with a 100 µg bolus of mouse leptin (an effective dose for introducing acute changes in food intake). Brains from mock-or leptin-treated animals were harvested 1 h postinjection, coronal slices through the hypothalamus were generated, and the slices were then analyzed by in situ analysis using coding region probes specific for each of the LIG clones. As a control, we first analyzed the expression pattern for OB-R L . As shown, we can detect OB-R L expression in the ARC and VMH of the hypothalamus with no evidence for differential regulation of OB-R L after leptin treatment (Fig. 4A and data not shown). We were also unable to measure a statistically significant induction by leptin of the transcript encoding LIG 3 in the ARC or elsewhere in the hypothalamus (Fig. 4B) . However, for LIG 1 and LIG 4 we were able to measure a significant transcript induction in the ARC of leptin-injected versus mock-injected animals (Fig. 4B) . Quantitative densitometry of the hybridization signals indicates that LIG 1 and LIG 4 are induced to ~250% and ~130% relative to control values, respectively (Fig. 4C) . Interestingly, we could not detect leptin-induced expression of either LIG 1 or LIG 4 in the VMH. Thus, we do not detect leptin-regulated expression og LIG 1 and LIG 4 in all OB-R L -expressing and presumably leptinresponsive hypothalamic neurons. These results suggest that there may be cell-type-specific signal transduction or transcriptional regulatory mechanisms residing in the distinct nuclei of the murine hypothalamus.
DISCUSSION
The search for leptin-regulated genes has been greatly impeded by the lack of a hypothalamus-derived cell line naturally responsive to leptin. GT1-7 neurons, derived from the mouse hypothalamus, do not express OB-R L and are unresponsive to leptin stimulation (36) . However, these cells express the appropriate signal transduction apparatus to support ligand-induced OB-R L transcriptional regulation (36) .
Adenoviral infection provides a highly efficient cDNA delivery and expression system. GT1-7 cells infected with adenovirus-expressing mouse OB-R L generate a pool of neuronal cells expressing high cell-surface levels of OB-R L . Therefore, we have used this cell culture system as a means to identify transcripts upregulated by OB-R L activation. Importantly, we have further shown that a subset of transcripts identified in our study are expressed in the murine hypothalmus and are transcriptionally induced by leptin in vivo. Consequently, we believe our GT1-7 cell culture model has proven to be an effective strategy for identifying new genes induced by leptin signaling in vivo.
The genes induced by OB-R triggering in vivo are likely mediators of leptin's potent and pleiotropic effects on energy balance. Leptin has been shown to affect not only food intake, but also energy expenditure, nutrient partitioning, and glucose homeostasis. Most of these actions are likely to be due to direct receptor triggering in the hypothalamus because lowdose central injection can trigger these effects (2, 41, 42) . The ARC has been shown to be an important regulator of food intake. Stereotactic injections of leptin directly into the rodent ARC appear to have their most potent effects on food intake, whereas stereotactic injections into the VMH appear more critical for leptin's effects on peripheral tissue glucose utilization (41) (42) (43) . More study will be required to identify which of the genes are critical for specific actions of leptin, but it will most likely be found to require antisense, knockouts, or other knock-down strategies. Two of the genes we identified in this study were found to be induced by leptin in the ARC of the hypothalamus. Therefore, it might be expected that these genes are mediating leptin's actions on food intake and that inhibition of the induction of these transcripts may inhibit leptin's actions on food intake. Alternatively, some of these induced transcripts may be playing a negative feedback role, as has been proposed for SOCS-3, and consequently their inhibition may augment leptin action (44) .
Two of the clones identified in our subtractive library, LIG 1 and LIG 2, encode predicted GTP-binding proteins. Members of the GTPase family have been implicated in pathways regulating intracellular protein sorting (45) . Consequently, expression of LIG 1 and LIG 2 may influence the intracellular sorting or release of neuropeptides in the central nervous system (CNS) that regulate mammalian feeding behavior. LIG 1 was previously identified as an LPS and ␥-interferon-inducible gene expressed in macrophages and a ␤-cell lymphoma line (37) . Previous studies did not detect expression of LIG 1 in the CNS; however, our work clearly indicates that LIG 1 is expressed in multiple regions of the brain and its expression is induced in the ARC of the hypothalamus after peripheral leptin administration. LIG 2 is expressed in the choroid plexus, and its expression in the CNS does not appear responsive to peripheral leptin administration (D.W.W., P.G., unpublished data). Previous Northern blot analysis of LIG 2 indicated preferential expression in T-cells, lymph nodes, and thymus; no signal was detectable in the brain (38) . Moreover, the LIG 2 transcript was induced by T-cell receptor crosslinking and the encoded protein is thought to be important in either T-cell development or activation (38) . Interestingly, T-cell-mediated immunity and reduced leptin levels correlate with low body weight and malnutrition (46) . More recently, it has been reported that leptin has a specific effect on T-lyphocytic responses, differentially regulating the pro- 
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liferation of naive and memory T-cells (47) . These findings suggest a connection between nutritional status and cellular immune function and by corollary may explain the dysfunction of cell-mediated immunity observed during starvation. Expression of OB-R L can be detected in CD 4+ T-cells (47). Thus, it is possible that, although we see no significant induction of LIG 2 in the hypothalamus in vivo, LIG 2 induction by OB-R L in T-cells may have physiological significance. LIG 3 encodes a subunit of the 20s proteosome of the ␤-type subgroup of proteosomes and contains a critical cysteinyl residue necessary for the trypsin-like catalytic activity of this proteosome (39) . Consequently, LIG 3 expression may function in neuropeptide processing. LIG 4 is also induced by leptin in the ARC. This transcript encodes a retinoic acid-inducible member of basic helix-loop-helix family of proteins that regulate transcription by interacting with the basal transcription machinery (40) . In vivo, LIG 4 is thought to participate in mesodermal/endodermal differential induction.
In summary, we have used GT1-7 neurons expressing OB-R L as a surrogate gene discovery system to identify transcripts responsive to OB-R L activation in vivo. Discovering which of the genes that we have identified in the present study are critical for specific actions of leptin will be the subject of future study. We are also characterizing the set of novel expressed sequence tags identified with our subtractive strategy. The methods described herein could also be adapted to identify transcripts whose expression is downregulated after OB-R L stimulation. For example, the transcripts encoding NPY and AGRP are repressed by leptin in vivo (32) (33) (34) . Thus, there is clear experimental evidence validating the existence of an important body weight regulatory molecule in which expression is downregulated by leptin signaling. The search for other important modulators of leptin's effects on mammalian body weight homeostasis is underway.
